While the capsaicin receptor TRPV1 channel is a polymodal nociceptor for heat, 15 capsaicin, and proton, the channel's responses to each of these stimuli are 16 profoundly regulated by membrane potential, damping or even prohibiting its 17 response at negative voltages and amplifying its response at positive voltages. 18 Though voltage sensitivity plays an important role is shaping pain responses, 19 how voltage regulates TRPV1 activation remains unknown. Here we showed that 20 the voltage sensitivity of TRPV1 does not originate from the S4 segment like 21 classic voltage-gated ion channels; instead, outer pore acidic residues directly 22 partake in voltage-sensitive activation, with their negative charges collectively 23 constituting the observed gating charges. Voltage-sensitive outer pore movement 24 is titratable by extracellular pH and is allosterically coupled to channel 25 activation, likely by influencing the upper gate in the ion selectivity 26 filter. Elucidating this unorthodox voltage-gating process provides a mechanistic 27 foundation for understanding polymodal gating and opens the door to novel 28 approaches regulating channel activity for pain managements. 29 30
Transient receptor potential vanilloid 1 (TRPV1) channel, a polymodal nociceptor in 45 higher species 8 , is a good representative of the non-classic voltage-sensitive 46 membrane proteins. TRPV1 is activated by noxious heat above 40°C 9 , however, its 47 response to heat at depolarized Vm is markedly larger than that at the resting Vm even shifted but without any noticeable change in shape, with an estimated total gating 133 charge of 0.99 e0 (Fig. 2g ). Therefore, unlike in K2P channels, permeant ions do not 134 appear to serve as the voltage sensor for TRPV1. 135 TRPV1's voltage sensitivity is not originated from permeation block 136 Like K2P channels, Kir channels also lack the S1-S4 voltage sensor domain. Their 137 currents exhibit voltage-dependence because of voltage-dependent pore block by 138 endogenous polyamines and Mg 2+ ions at depolarized voltages 16 . Such pore block is 139 much faster than the resolution of patch-clamp recordings so that, when it occurs, the 140 single-channel conductance is reduced. As a result, the single-channel current 141 amplitude exhibits similar voltage dependence as the macroscopic current 30 . To test 142 whether TRPV1 employs this pore-block mechanism for sensing voltage, we 143 compared single-channel current and macroscopic current recorded at voltages where 144 TRPV1 was clearly activated by depolarization ( Fig. 2h and i) . It was obvious that the 145 single-channel current amplitude was linearly dependent on voltage and did not 146 follow the voltage dependence of macroscopic current (Fig. 2i ). Moreover, in inside-147 out patch recordings the voltage dependence did not decrease upon continuous 148 perfusion of the bath solution for about three minutes (Extended Data Fig. 3 ). In 149 comparison, Kir channels lost the inward-rectification feature within two minutes of 150 patch excision due to wash-off of endogenous blockers 16 . Therefore, unlike Kir 151 channels, voltage sensitivity of TRPV1 is unlikely originated from pore block.
152
TRPV1 voltage-dependent gating behavior resembles a concerted transition 153 As none of the known voltage-sensing mechanisms in the VGL channel superfamily 154 is applicable to TRPV1, an unorthodox mechanism exists. We gained the first glimpse 155 of such a mechanism from kinetic measurements. Voltage activation of Kv2.1 channel 156 exhibited a sigmoidal time course 31 (Fig. 3a) , where there was an initial delay in 157 macroscopic current upon depolarization (marked by red arrow). This delay is due to 158 multiple closed states Kv channels must traverse before reaching the open state 20 ( Fig.   159 3c, SCHEME I). In contrast, voltage activation of TRPV1 nicely followed a double- When TRPV1 channels were voltage-clamped at various hyperpolarized voltages, 168 there was no detectable Cole-Moore shift (Fig. 3b ). The absence of both initial delay Figure 3c , SCHEME II, is consistent with our results described below.
183
Identifying the voltage-dependent transition 184 Besides membrane depolarization, TRPV1 can be allosterically activated by distinct 185 physical and chemical stimuli, many of which have been better characterized both 186 structurally and functionally 22, 26, 27, 34 To distinguish these scenarios, we measured NPo from single-channel events at deep 205 hyperpolarization down to -210 mV in the absence or presence of another stimulus. 206 We found that, in the absence of another stimulus, NPo appeared to approach a steady 207 level at deeply negative voltages (Extended Data Fig. 1 ). In agreement with previous 208 reports 37,38,40,41 , the observed baseline Po level was very low, with an upper limit 209 estimate near 0.01 at room temperature ( Fig. 1e ). Nonetheless, the presence of a 210 voltage-independent baseline Po is inconsistent with Scenario A, suggesting that the 211 C↔O transition itself must be associated with little charge movement and have an 212 intrinsic open probability (Po_intrinsic) of less than 0.01.
213
In the presence of a saturating concentration (3 µM) of capsaicin, TRPV1 current was 214 readily detectable even at -210 mV ( Fig. 3d , red arrow). The current could be almost 215 completely blocked by ruthenium red (Fig. 3d i.e., Scenario A is invalid.
228
Like capsaicin, we found that many other TRPV1 activation stimuli, including heat 45 , 229 were also effective at deeply hyperpolarized voltages (see, for example, Fig. 1c ).
230
However, the situation was different when extracellular protons were used as the 231 activator. We found that even in the presence of a saturating concentration of protons 232 (at pH 4.0), current decreased towards zero at hyperpolarizing voltages ( Fig. 3f ). No 233 plateau could be observed in the Po-V plot (Fig. 3g) ; instead, Po kept decreasing 234 towards Po_intrinsic ( Fig. 3h ). It is known that protons partially block TRPV1 235 permeation, which also exhibits a shallow voltage dependence 46 . However, proton 236 blockade had been corrected for before calculating Po (Extended Data Fig 4. ).
237
Therefore, these observations fit the prediction of Scenario B in that deep 238 hyperpolarization can shut down proton activation, identifying that voltage works 239 though the proton activation pathway. These results also voided Scenario C by 240 identifying protons as the stimulus X. 241 
Location of the gating charges 242
While unanticipated, the finding that voltage sensitivity of TRPV1 resides in the 243 proton activation pathway might not be surprising. It is well established that proton 244 activation involves protonation of charged residues in the outer pore 47 , a region 245 intimately involved in TRPV1 activation gating and known to undergo substantial 246 conformational rearrangements 48 . The outer pore is also noticeably rich in charged 247 residues (Extended Data Fig. 5a ). If some of these charged residues locate within or 248 near the Vm field, their movements during channel activation will impart voltage 249 sensitivity to the process 5 . Indeed, when we simultaneously neutralized titratable 250 negative charges by changing the extracellular pH to 4.0, the total gating charge 251 estimate decreased to 0.47 e0 ( Fig. 3i ). Given that the pKa value for the sidechain of 252 negatively charged Glu or Asp is around 4, at extracellular pH 4.0 only about half of 253 these charged residues would be neutralized. Therefore, we reasoned that though we 254 observed only an around 50% reduction of q at acidic pH, nearly all of the 0.93 e0 255 total gating charge could be collectively contributed by titratable acidic residues.
256
Consistent with a previous report 49 , no obvious change in the total charge movement 257 could be confidently identified from channels carrying single or double charge 258 neutralization mutations (Extended Data Fig. 5b and 5c ), likely because their 259 individual impacts to q were too small to stand out of the noise. These mutagenesis 260 tests confirmed that the total gating charge of about 1 e0 is not carried by any single 261 charged residue (which would require the residue to move nearly 1/4 of the whole Vm 262 field during activation). Instead, it is most likely that multiple charged residues move 263 collectively during voltage gating. As a negative control we observed no change in 264 total gating charge in the presence of the classic TRPV1 agonist capsaicin ( Fig. 3j ).
265
Based on these findings, we tentatively placed the titratable total gating charge at the 266 voltage-driven R↔A transition that is also affected by protons (SCHEME III, Fig. 3k ).
267
A gating model incorporating this feature predicted behaviors that qualitatively 268 resemble our experimental observations (Extended Data Fig. 6 ).
269
Structural mechanism for voltage/proton activation 270 The TRPV1 closed-state structure and vanilloids/toxin-activated structures have been from the same channel population revealed an increase in the TMRM/FM intensity 293 ratio that indicated an increase in FRET efficiency (Fig. 4b ). This change in emission 294 spectrum was absent when fluorophores were attached to cysteine introduced at N467 295 on the S1-S2 linker, or at non-specific sites on untransfected cells ( Fig. 4c and d ). 296 Therefore, results from the FRET experiments supported the prediction that the turrets 297 move toward each other in the proton-activated state.
298
How does the observed outer pore conformational changes produce voltage-sensitive 299 gating? While much of the detail remains to be elucidated, it is conceivable that 300 relocation of some negatively charged residues within the Vm field might be the origin 301 of the gating charge ( Fig. 4e ). Indeed, from the activated-state model, we could 302 identify multiple negatively charged residues in the outer pore region that exhibited 303 complex and collective movements ( Fig. 4f ): D602, D647, E652 and D655 moved 304 downward along the z axis, E601 and E649 moved upward (Extended Data Table 2 ).
305
Based on the simplified assumption of a uniform Vm field that spans a 30 Å vertical 306 depth, these charge movements alone would be more than sufficient to produce 1 e0. It 307 was also noticed that the modelled gating rearrangements would lead to changes in 308 the electrostatic potential surface of the outer pore, in which a strong negative 309 potential in the resting state dissipates as the channel transitions into the activated 310 state ( Fig. 4g ). Such conformational changes present a plausible picture of the 311 voltage-sensitive gating process: it is the collective gating rearrangements of 312 negatively charged residues and the local electric field that produce an unorthodox 313 mechanism of voltage-sensing in TRPV1.
314

Discussion
315
Our study suggested that voltage-sensing in TRPV1 originates from conformational 316 changes of the outer pore, where titratable acidic residues collectively contribute to 317 the total charge movement. Because that the pKa value for the sidechain of negatively 318 charged Glu or Asp is around 4, extracellular acidification to a pH level of 4.0 would 319 only neutralize about half of the charges in these charged residues. It was 320 experimentally infeasible to further decrease extracellular pH in patch-clamp 321 recordings to fully neutralize all the negative charges, though it is most likely that the 322 about 1 e0 total gating charge is collectively contributed by titratable acidic residues.
323
Upon depolarization, these residues appear to undergo complex rearrangements that 
332
The TRPV1 outer pore is a known hot spot for gating modulation of this polymodal 333 receptor. Small cations such as proton, Na + and Mg 2+ /Ba 2+ /Ni 2+ /Gd 3+ , as well as large 334 peptide toxins such as DkTx, RhTx and BmP01 all bind to this region to exert their 335 strong gating effects 48 . Capsaicin activation has been recently found to affect the outer 336 pore 44 . Heat also induces large conformational changes of the outer pore 50 . Exploiting 337 charged residues and dipole movements in this gating structure would allow Vm to 338 function essentially as a "master gain setter" to tune the channel's sensitivity to all 339 major stimuli (see Fig. 1c ), a feature that could be of high practical significance for 340 this nociceptor. For example, under pathological conditions such as bone cancer, 341 TRPV1-expressing dorsal root ganglion neurons exhibit higher excitability 54 . The 342 resting membrane potential of these neurons is depolarized, which leads to higher 343 nociceptive activities of TRPV1, contributing to the severe and intractable pain in the 344 bone cancer. When TRPV1 activity is modulated by hyaluronan, firing frequency of 345 DRG neurons is also changed 55 . In this regard, understanding the voltage-sensing 346 mechanism may facilitate future pharmaceutical efforts targeting this pain sensor.
347
Comparing to many noxious stimuli for TRPV1 such as capsaicin and heat, voltage is and acts as a load of the system, therefore evolution tends to optimize its utility. We 355 showed recently that weak voltage dependence is a crucial feature that allows TRPV1 356 to respond to diverse noxious stimuli including heat, whereas the high voltage 357 sensitivity of Kv channels effectively prohibits the channel's intrinsic heat 358 sensitivity 45 . It is plausible that similar trade-offs can be found in other voltage-359 regulated polymodal TRP channels.
360
When the S4 of Kv channels is functionally decoupled from the pore by introducing 361 mutations, a weakly voltage-dependent (q of ~1.8 e0), concerted transition is 362 revealed 57 . In CNG channels, S4 (containing multiple charged residues) appears to be 363 naturally decoupled from the gate 58 , and the channel's intrinsic weak voltage 364 dependence (q of ~ 0.74 e0) likely comes from outer pore movement 59,60 . Therefore, it 365 is likely that the outer pore-mediated voltage-sensing mechanism is broadly used in 366 ion channels. Indeed, many TRP channels exhibit similar shallow voltage dependence, 367 sparse charged residues in S4 but richly distributed charged residues in the outer pore, 368 a region seen to under tremendous evolutional selection 61 . While activation of these 369 channels is also critically regulated by Vm, their voltage-sensing mechanism is 370 unknown ( Fig. 1d , section in red). The unorthodox voltage-sensing mechanism we 371 identify in TRPV1 may help elucidate the function of these channels and other 372 membrane proteins. We are grateful to Fred Sigworth for reading the manuscript and providing advice, 382 and to our lab members for assistance and discussion. This work was supported by mV to +210 mV with a 10-mV interval for 500 ms, which was then switched to 43 -80 mV. Current amplitude at the steady state during the last 100 ms of 44 voltage steps was averaged to construct the G-V curve. Current signal was 45 filtered at 2.9 kHz and sampled at 10 kHz.
46
To apply solutions containing capsaicin or other reagents during patch-clamp 47 recording, a rapid solution changer with a gravity-driven perfusion system was 48 used (RSC-200, Bio-Logic). Each solution was delivered through a separate 49 tube so that there was no mixing of solutions. Pipette tip with a membrane 50 patch was placed directly in front of the perfusion outlet during recording.
51
Each membrane patch was recorded for only once. controlled, recordings were conducted at room temperature at 24°C.
63
Temperature variation was less than 1 °C as monitored by a thermometer. used and the top 20 cluster center models were passed to the next round.
99
During the rest rounds of modeling, kinematic loop relax protocol was used 100 and the top 20 models by score were passed to the next round. From 10,000 101 to 20,000 models were generated in each round. Models reported here 102 represent the lowest energy models from the last round of iterative loop relax.
103
The TRPV1 models we generated clearly entered an energy funnel through 104 the ten rounds of loop modeling (Extended Data Figure 6 ), suggesting that our 105 final model is located at the bottom of energy well. Top 10 models with lowest 106 energy after the last round of loop modeling exhibited good structural 107 convergence (Extended Data Figure 6 ).
108
To model the pore region under acidic pH, we followed the established 109 protocols in Rosetta 9,10 . Briefly, we modified the membrane energy function 110 terms 11,12 as described in these reports. Then we added the following 111 command during the loop modeling:
-pH_mode true 113
We set the pH value to be 4 by adding this command:
114
-value_pH 4 115
Rounds of CCD and KIC loop modeling were performed with these 116 commands to obtain the model of TRPV1 pore region under acidic pH.
117
The quality of models under neutral and acidic pH were rigorously assessed 118 by four independent protein structure analysis and verification methods [13] [14] [15] [16] . 119 The metrics of our models were similar to those derived from cryo-EM and 120 crystallography (Extended Data Table 1 ).
121
All the molecular graphics of TRPV1 models were rendered by UCSF 122 Chimera 17 software version 1.11. where G/Gmax is the normalized conductance, V1/2 is the half-activation 129 voltage, qapp is the apparent gating charge and F is Faraday's constant, R is 130 gas constant, and T is temperature in Kelvin.
131
To describe the voltage activation kinetics of Kv 2.1 channels, the following 132 equation was used:
(2) 134 where α and β are microscopic forward and backward transition rates, 135 respectively, n is the number of independent transitions the channel must 136 transverse before opening. For Kv 2.1 channels we set n to be 4.
137
To estimate the total gating charge from the voltage dependence of channel 138 activation, we followed the method employed in the study of BK channels 18 . 
